Abstract: Optical multiplexers are key components of modern data transmission systems that have evolved from long-haul fiber communication applications down to the photonic interconnect level on-chip, which demand high bandwidths and low-power photonic links with small footprint. We present compact, energy-efficient, and high-bandwidth optical add/drop multiplexers that are based on complementary metal-oxide-semiconductor (CMOS) backendcompatible hydrogenated amorphous silicon microring resonators. We study the manufacturing nonuniformity of the as-fabricated devices and analyze the static power consumption that is required to actively align the multiplexers to a 100-GHz grid by using state-of-the-art microheaters. The microring filter banks are in excellent agreement with the design and satisfy a good tradeoff between concurrent properties of high-data-rate capability, low filter loss, high channel isolation, and manufacturing uniformity, which facilitates the operation with low static power consumption.
Introduction
Hydrogenated amorphous silicon (a-Si:H) is a promising material for the realization of photonic electronic integrated circuits (PEICs). In addition to the low a-Si:H absorption in the established fiber-optic-communication transparency windows at 1.3 m and 1.55 m [1] , [2] , the attraction of the material arises from the same fundamental reasons as for crystalline silicon-on-insulator (SOI). The most important economic and physical characteristics are the compatibility with mature complementary metal-oxide semiconductor (CMOS) industry providing access to highlydeveloped process technology and infrastructure [3] , and the high refractive index contrast (HIC) of Án ! 2 enabling dense PICs that come closest to the footprint of microelectronics; with minimal inter-layer distances and closest possible proximity to metals. Since a-Si:H is deposited at T 300 C, a 3-D-integration on top of readily fabricated microchips at the back-end becomes possible [4] , [5] , which relaxes the size discrepancy and the area competition of electronics and photonics at the most-expensive front-end layers and reduces latencies by minimal vertical distances. This approach includes options to link SOI photonics by optical vias, e.g., with pinmodulators and detectors, and provides possibilities in terms of packaging and off-chip coupling favorably placed at the better accessible top of the chip. Further integration potential is offered by heterogeneous materials, e.g., III-V [6] , inorganic dielectric (SiN, TiO 2 , Al 2 O 3 ) [7] - [9] , ferroelectric (LiNbO 3 , BaTiO 3 ) [10] - [12] , and plasmonic and/or organic hybrid materials [13] - [15] , providing additional functionality and a high degree of flexibility for customized PEICs. Because of these integration capacities, there is an increasing interest in amorphous-SOI (a-SOI) research. The material has been utilized to realize low-loss waveguides [16] - [20] , and functional integrated-optic devices like interferometers and microring resonators (MRRs) with key metrics comparable to SOI [16] - [18] . The flexible deposition process enables the fabrication of three dimensional tapered fiber-to-chip couplers [21] , [22] , vertical arranged MRRs [23] , and optical vias which allow interfacing vertically stacked photonic circuits [24] - [26] . Beside these passive devices, a-Si:H is subject of interest for nonlinear and active photonic functions, both, in the alloptical [27] - [34] , and electro-optical domain [35] - [37] . However, although the tight mode confinement and the strong thermo-optic-effect (TOE) are in particular useful to realize compact, energy-efficient, and high-bandwidth data transmission systems employing wavelength division multiplexing (WDM) techniques, circuit components like e.g., multichannel optical add/drop multiplexers (OADMs) have not been investigated. Furthermore, the manufacturing non-uniformity (NU) which is directly related to the power consumption and the thermal load of the PEICs, and post-fabrication compensation techniques of such devices have not been explored yet.
In this paper, we present 8-channel OADMs that are based on low footprint MRRs. The devices are modeled to satisfy a good trade-off between concurrent properties of high data rate (DR), low filter drop loss, and low channel crosstalk (XT). We systematically analyze the device NU from fabrication and determine the static power consumption that is required to actively fine-tune the multiplexers to a fixed 100 GHz frequency grid in accordance to the International Telecommunication Union (ITU) specifications by using integrated microheaters. In addition we demonstrate the permanent correction of the OADM manufacturing imperfections by a postfabrication trimming method so that the contribution due to the static power consumption can be reduced to record-low energy/bit values of a few fJ/bit, thereby mitigating the temperature overhead by active tuning.
Optical Add/Drop Multiplexer Design and Fabrication

Optical Add/Drop Multiplexer Design
In principle, the ideal OADM should be capable to process as many high-speed parallel data signals as possible while providing small device insertion and drop port losses with high channel isolation and low XT. However, for MRR devices these design objectives are in conflict, e.g., a low XT implies a weak coupling coefficient which results in a high Q-factor limiting the DR. Therefore, a good compromise needs to be found between these competing factors including the evaluation of fabrication constraints, e.g., the coupling gap size or the spectral device NU, so that the manufactured devices function within the desired target specifications. The design objective was to fabricate 8-channel OADMs on a 100 GHz frequency grid with a channel XT ≥ 15 dB, single channel data rates ≥ 20 Gb/s, and ≤ 1 dB drop losses.
The MRRs were modeled with coupled mode theory employing a FEM solver in order to define the resonator key properties and were designed with a SiO 2 bottom and a SU-8 top cladding taking material dispersion into account [38] . The calculations were carried out for single-mode 480 Â 200 nm condition so the waves of each round-trip are phase-matched. The add/drop MRR coupling sections are considered to be loss-less with j 2 1;2 j þ j 2 1;2 j ¼ 1 using symmetric couplers ¼ 1 ¼ 2 , with 1;2 as through-and 1;2 as cross-coupling coefficients. For a realistic modeling, the sum of the coupling, bend, and mode conversion losses due to the straight and curved photonic wire sections were included in the loss coefficient with 0.025 dB:
The electric fields of the bus E bus ðnÁt Þ and the MRR waveguide E MRR ðnÁt Þ were evaluated for fixed time-steps nÁt , with n 2 N 0 as the number of round-trips, and Át ¼ L res Á n gr =c with L res as physical MRR length and group index n gr at the speed of light c. Hence, the maximum DR is governed by the cavity intensity build-up, e.g., the 10-90% rise-and 90-10% fall-times ðt r ; t f Þ, which in terms of cavity round-trips N rt are given by (2) and are predominantly influenced by the MRR perimeter and the bus-to-ring waveguide coupling:
The maximum DR is further calculated by DR ¼ 1=ðt r þ t f Þ, which according to (2) , results in
The DR capability for different bus-to-ring gaps are presented in Fig. 1(a) , numerical calculations of the MRR transient response due to 10 and 20 Gb/s input signals are shown in Fig. 1 
(b).
The drop port losses and the full width at half maximum (FWHM) of 10 m MRRs that reveal the drop loss/bandwidth trade-off for different coupling gaps are summarized in Fig. 1 (c). The FWHM decreases for weaker couplings down to ≈60 pm for 300 nm, whereas the filter losses increase by 4.5 dB from 100 nm to 300 nm. A good compromise that meets the design criteria with a tolerable ease of fabrication is determined for a gap distance of 150 nm, resulting in a drop port loss of ≤ 0.8 dB, a FWHM of 0.275 nm, and a possible DR beyond 20 Gb/s with low channel XT of 16.5 dB at the targeted 100 GHz spacing. The wavelength channels Á Ch were defined by a perimeter increment Ál Ch with respect to the initial resonator lengths L 0 with resonance position 0 using (4). The calculated through and the drop port spectra of the optimized 8-channel OADM are shown in Fig. 1 
Photonic Device and Microheater Fabrication
Standard crystalline silicon wafers (10 cm) with 3 m grown thermal oxide were used as substrates which ensures a negligible power loss due to substrate leakage. The deposited a-Si:H waveguide core layer was deposited with 200 nm thickness which was controlled with ellipsometry. The optimized PECVD-process facilitates the deposition of highly uniform and reproducible thin films with a bulk absorption loss ≤ 0.5 dB/cm at 1.55 m wavelength [2] . The photonic systems were patterned with electron beam lithography using ZEP-520A positive resist. First an O 2 plasma process was carried out in order to smooth the resist which minimizes sidewall roughness, after which, the a-Si:H core layer was subsequently structured by an anisotropic dry etch process with SF 6 and C 4 F 8 in an inductively coupled reactive-ion etcher. Titanium microheaters were fabricated on top of photonic MRRs on reference chips in order to determine the power requirement for the active compensation of the OADMs. The microheaters were optimized with FEM-simulations. The metal-heaters are integrated on top of the photonic structures in order to realize efficient TOE-tuners with low power consumption. The vertical arrangement facilitates a good heat transfer to the photonic components and simplifies the routing of the optical and electrical signals on different layers. Since the electric energy is converted to heat by resistive material losses, the best heating efficiency is achieved with materials that exhibit high electrical resistance and low thermal conductivity. The actual design is a trade-off between heater efficiency, low optical loss due to the highly absorptive metal, robustness, and ease of fabrication. Hence, from the above considerations the microheaters were realized on a 1 m SiO 2 top cladding with 2 m wide and 200 nm thick titanium metallic wires in -shape.
Using these parameters the FEM simulations provided low parasitic losses ≤ 0.02 dB/cm in telecommunication C-band and a steady-state temperature rise of ÁT % 4:5 C at the waveguide for a P ¼ 1 mW power dissipation which corresponds to a heater efficiency of about 2.4 mW/nm.
The heater fabrication was carried out on 1:5 Â 1:5 cm 2 chips that were cut from the wafer. The SiO 2 cladding was DC-sputtered on top of the prior structured photonic systems, followed by sputtering the titanium for the heaters and gold for the contact pads. The resulting layer thicknesses were measured with reference chips using laser-ellipsometry and step-height profilometry, respectively. The patterning was performed with I-line exposure contact photo lithography using alignment markers that were etched in the a-Si:H core layer. The metal layers were structured with Au (KI:I 2 :H 2 O) and Ti (HF:H 2 O 2 :H 2 O) wet etching until the microheaters were defined.
Thermo-Optic Tuning and Post-Fabrication Device Trimming
From the technological and physical perspective, HIC integrated-optic materials like a-/SOI are subject to a trade-off originating from the susceptibility to fabrication imperfections on the one hand, and the distinctly large TOE on the other hand. As a result even sub-nm scale imperfections have a deteriorate impact on the photonic circuit performance, however, due to the strong intrinsic thermo-optic-coefficient (TOC) the compensation of the photonic circuits requires only low tuning powers/voltages for the NU correction. This facilitates the active-tuning and reconfiguration of complex network topologies like ROADMs with considerably less energy compared to low index materials with weaker TOC and with CMOS-compatible voltage levels which should not be neglected. Although, low-loss a-Si:H can be deposited with high uniformity and reproducibility [40] , the single-mode photonic wire geometry of 480 Â 200 nm 2 is prone to process variations. The MRR spectra will for instance differ by about Á % 0:6 nm and Á % 1:3 nm if the waveguide is subject to a 1 nm deviation in widths or heights, respectively, whereas a percentile variation in refractive index (RI) results in Á % 13 nm relative to the design.
For that reason it is obligatory to equip the photonic circuits with efficient tuning devices like e.g., microheaters or free carrier injectors employing the TOE or free-carrier-dispersion (FCD) effect. However, in contrast to actively controlling the PEIC functionality the NU correction is pure dissipation of energy. Hence, in order to mitigate the disadvantage of the fabrication complexity while keeping the advantage of the high and energy-efficient tuning capability, a method to compensate for fabrication NU and to fine-tune individual photonic circuit components is inevitable for wafer-scale photonic systems even with most-advanced manufacturing. Recently several promising trimming methods have been reported which can make these tuners expendable to some extent, or at least, minimize the effort for the thermal compensation by adjusting the circuit components to their predefined working point so that global cooling/heating options with less manufacturing costs or higher efficiency can be utilized. The most prominent approaches that are used to tailor the guided mode are based on surface oxidation [41] , thin film layer deposition or surface etching methods [42] , [43] , and laser trimming [44] , [45] .
Optical Add/Drop Multiplexer Characterization and Device Non-Uniformity
In a first step after fabrication the OADM channel variations were analyzed by measuring the wavelength peak positions of each device. The experimental data which were determined against an air cladding are provided in Fig. 2 . The dots represent the measured MRR peak positions whereas the straight lines correspond to the nearest ITU-100 GHz grid to which the single MRR filters need to be adjusted. Note that the thermal tuning due to the increase of the RI results in a positive wavelength shift (solid red), whereas the trimming (dashed blue) induces a RI reduction and hence produces a shift to shorter wavelength. The channel NU of the as-fabricated OADMs with a successive 6 nm (OADM 1/2), 8 nm (OADM 3/4), and 10 nm (OADM 5/6) radius increment for each MRR ðÁd ¼ 200 mÞ were determined to be res ¼ 0:56 nm, res ¼ 0:45 nm, and res ¼ 0:31 nm, respectively. With respect to the tight manufacturing constraints the results are in excellent agreement with the design. The deviations of the worst OADM correspond to either a width NU of Áw % 1 nm, height NU of Áh % 0:5 nm, or a RI variation of Án % 5 Á 10 À4 . For the sake of clarity, the values do not reflect the absolute deviation from design but were calculated from the linear wavelength gradient due to the even perimeter increase. 
Thermo-Optic Effect and Static Power Consumption
The most prominent and effective method to actively correct fabrication inhomogeneities and to configure photonic components without introducing additional losses is the TOE. The effect originates from the temperature dependence of the RI via the TOC of the material and is treated as a real scalar value (5), shown below, which is appropriate for T 200 C:
The temperature dependent resonance wavelength shift is calculated by (6), shown below, using the guided mode index n eff which includes the contribution of the cladding materials. The strong a-Si:H TOC of about 2:1 Á 10 À4 ð1= CÞ facilitates an efficient MRR tuning of complex photonic systems [1] , [46] , up to about Á res ¼ 20 nm with a linear relationship upon temperature and a wavelength set resolution in the pm-range [47] 
The TOE of 92 pm/ C was experimentally determined by heating the photonic chip in ÁT ¼ 2:5 C increments using a thermo-electric controlled chip-mount as shown in Fig. 3(a) . The microheaters were wire-bonded to a PCB board and were characterized with different voltages applied to the heater contact pads as illustrated in Fig. 3(b) . The microheater tuning efficiency of 2.25 mW/nm (about 20 mW/FSR) was determined from Fig. 3(a) which is comparable to best-inclass top heaters based on SOI [42] . The experimental results are in close agreement with the FEM-simulations. A further reduction of the energy consumption employing the same heaters can be realized by a local removal of the silicon substrate which acts as a heat sink [48] , [49] .
The total power consumption for the active NU compensation of all eight MRRs within the devices are analyzed for two realistic, although, still simplified scenarios. We investigate the power that is required to correct the channels to the nearest possible ITU-100 GHz grid (NG) of each single OADM, and the case where all OADMs need to operate on the closest common grid (CG). The results using the heater efficiency of our top heaters for the analysis are provided in Fig. 3(c) . Furthermore, the calculations for suspended OADMs with local substrate removal using the benchmark value of 2.4 mW/FSR reported in [48] are summarized in Fig. 3(d) . The average power per device that is required to set all OADM channels to the grid were determined to be P NG ¼ 25:06 mW ðP CG ¼ 47:41 mWÞ with the standard top heaters and P NG ¼ 2:98 mW ðP CG ¼ 5:63 mWÞ in case of the underetched photonic systems. Thermal crosstalk is negligible due to the strong a-Si:H TOE and the relatively large distance of 200 m between the MRRs.
Device Correction by UV-Laser Trimming
Although the TOE is ideally suited to actively configure PEICs the correction of fabrication imperfections is a waste of energy. For this task a permanent and passive device trimming is more advantageous because it results in a significant reduction of the static power consumption, which becomes a crucial issue for 100 or even 1000 devices per wafer. In this work, a low-cost continuous wave UV-laser with 405 nm wavelength was used for the OADM trimming. The measurement setup and an illustration of the trimming strategy is depicted in Fig. 4(a) . Since the devices were designed for a SU-8 cladding the MRRs were trimmed against air in order to exclude the influence of the polymer bleaching.
The NIR-light was supplied to the photonic chip via grating couplers and was inline-monitored during trimming. The UV-light was coupled into a single-mode fiber by a collimator such that the cleaved facet could be positioned with m-precision on top of the photonic MRRs which were successively trimmed to their target position. Further information about the trimming process is reported in [45] . Fig. 4(b) provides an example of the drop port channels before and after trimming, the spectral positions of three trimmed devices that are plotted against their channel counts are presented in Fig. 4(c) . The channel NUs after the device correction were determined to be res % 0:03 nm, res % 0:07 nm, and res % 0:024 nm, respectively. The transmission spectra of an OADM after fine-trimming which was cladded with SU-8 after the channel adjustments is presented in Fig. 5 . The grating coupler envelopes are subtracted from the spectra for a better visibility. A comparison with the design from Section 2.1 is given in Table 1 . The results are in good agreement and the OADM channel positions are well-defined without the need for any active tuning.
Experimental Result Discussions and Trimming Prospects
Active-tunable and wavelength-trimmable OADM filter banks with 8-channels based on a-SOI photonic MRRs are systematically analyzed. The low-footprint devices exhibit low drop port losses of ≤ 1.25 dB, a mean channel crosstalk of 15 dB, and an overall device insertion loss of ≤ 2 dB. The as-fabricated photonic devices are examined for fabrication induced device NU and the static power consumption which is required to configure the individual channels to the nearest and a common 100 GHz frequency grid is evaluated for two heater versions. The results demonstrate that due to the low device NU it is possible to realize truly energy-efficient and compact photonic filters and networks-on-chip by employing the strong TOE of the a-Si:H material. Considering the isolated energy/bit metrics which are required to compensate the channel NU for a 20 Gb/s DR, the OADMs can operate with 157 fJ/bit (NG), 296 fJ/bit (CG) in case of standard top heaters and with 18.6 fJ/bit (NG), 35.2 fJ/bit (CG) for more-efficient underetched heaters. Nevertheless, even these low single device power budgets scale with the number of circuit elements and significantly increase the overall consumption and the thermal load of the photonic circuit, in particular for macroscale photonic interconnect architectures like those envisioned for data-center and high-performance computing systems with many thousands or even millions of devices.
Hence, trimming methods are essential tools in order to enhance the energy-efficiency of PEICs. It is projected that the static and dynamic tuning can account for 20-30% of the overall Fig. 5 . OADM through and drop port spectra after the channel adjustments and SU-8 spin-coating.
TABLE 1
Experimentally determined key metrics of the OADM filters in comparison with the design parameters photonic link power [50] , or even up to 50%, depending on the network topology [51] . As presented in this work the trimming can almost completely avoid the static energy consumption, for instance, translating the remaining device NU into energy/bit metrics results in ≤ 10 fJ/bit with standard top heaters and about 1 fJ/bit with underetched heaters for DRs exceeding 10 Gb/s per channel. Apart from spectral channel accuracy, another important issue of OADMs is to ensure critical coupling. Indeed, the trimming is applicable to modify the strength of the evanescent field coupling, although the effect is limited for standard MRRs. Instead, racetrack or pulley resonators with a higher directional coupler sensitivity due to RI modification [52] , [53] , or even more suited, ring-assisted Mach-Zehnder-interferometers that can be tailored by a phase change in the interferometer arm can provide a flexible control of both, critical coupling and 3 dB-bandwidths [54] , [55] .
However, even with post-fabrication trimming approaches the thermal control of photonic circuits is necessary in many applications, in particular, for reconfigurable circuits that share common resources like lasers and detectors. In this context the flexible fabrication and the possibility to deposit a-Si:H on top of the microheaters is a valuable option because the components can be actively-tuned by buried TOE-tuners whereas the circuit trimming for NU-correction can be applied from the top after finishing the complete manufacturing cycle.
Besides these manufacturing challenges, a further significant source of the PEICs energy consumption originates from the run-time compensation of thermal fluctuations on chip and ambient temperature. Hence, a reduction of the thermal susceptibility is another key issue to realize low-energy photonic systems [56] , [57] . Recently, we demonstrated that it is possible to compensate photonic wires of same dimensions used in this work and that second-order ring filters can be stabilized over ÁT ¼ 40 C and up to Á ¼ 100 nm without any significant performance drawbacks [46] .
The thermal-compensated PEICs provide the additional advantage that the photonic devices can operate even under varying thermal loads that are introduced by spatially close active-tunable photonic devices or hotspots originating from CMOS-electronics during operation. However, if the photonic circuits are based on athermal waveguides the TOE is canceled out and therefore the trimming becomes even more essential for the NU correction. Otherwise weaker effects like e.g., FCD need to perform the compensation, which indeed is favorable in case of modulators, nevertheless, due to the limited tuning range ðÁ res 1 nmÞ and additional optical loss introduced by freecarriers seems less appropriate to compensate passive devices [56] , [58] . Presently, our laboratory setup relies on manual adjustments and is restricted to trim single devices; however, automated systems with step-and-repeat processing during device inspection including the usage of pulsed lasers, e.g., in the fs-time regime [59] , and/or spatial light modulators might prove to be viable solutions for high-throughput photonic chip or full-wafer trimming.
Conclusion
We designed, fabricated, and systematically characterized 8-channel OADMs based on CMOS backend-compatible a-Si:H and investigated the static power consumption for non-uniformity compensation. The active-tunable and wavelength-trimmable filters are built with low-footprint MRRs and were realized on a 100 GHz DWDM grid. The experimental results demonstrate the potential of a-SOI as a viable material platform for the realization of high bandwidth interconnects on a small area and in form of 3-D photonic circuits on top of microelectronics. The as-fabricated filter banks can operate at relatively low power levels due to the pronounced thermo-optic-coefficient which facilitates an effective tuning or reconfiguration of photonic circuit components. Even more importantly, we demonstrate that a-Si:H exhibits excellent material properties for a post-fabrication correction of the device imperfections enabling to minimize the power consumption and temperature overhead of such circuits significantly via a highly-accurate permanent trimming method. Hence, the relatively high static power contribution due to unavoidable manufacturing tolerances, even though among the lowest reported data on any integrated optic material platform, can be almost completely avoided paving the way for densely integrated and ultra-low-power photonic 3-D-network architectures.
